Fibroblast growth factor (FGF) signalling has been implicated during several phases of early embryogenesis, including the patterning of the embryonic axes, the induction and/or maintenance of several cell lineages and the coordination of morphogenetic movements. Here, we summarise our current understanding of the regulation and roles of FGF signalling during early vertebrate development.
Introduction
The first fibroblast growth factor (FGF) ligands, FGF1 and FGF2, were initially purified from brain as mitogenic factors of fibroblasts grown in culture (Gospodarowicz and Moran, 1975) . Since their discovery, FGF ligands and their receptors have been implicated in numerous biological processes (Table 1) , and their dysregulation causes several congenital diseases (such as dwarfism) and some types of cancer (Table 2 ) (reviewed by Beenken and Mohammadi, 2009) . In addition to their mitogenic capacity, FGFs can also modulate cell survival, migration and differentiation in culture (Dailey et al., 2005; Xian et al., 2005) .
During embryogenesis, FGF signalling plays an important role in the induction/maintenance of mesoderm and neuroectoderm, the control of morphogenetic movements, anteroposterior (AP) patterning, somitogenesis and the development of various organs (Table 1) (Bottcher and Niehrs, 2005; Itoh, 2007; McIntosh et al., 2000) . Here, we briefly describe the FGF signalling pathway and then summarise the main developmental processes in which FGF signalling plays an important role during early vertebrate embryogenesis, including cell fate specification and axis determination.
FGF signalling: an overview
Members of the FGF family of extracellular ligands are characterised by a conserved core of 140 amino acids and their strong affinity for heparin sulphate (HS) (see Glossary, Box 1). In vertebrates, 22 family members have been identified and are grouped into seven subfamilies according to their sequence homology and function (Ornitz, 2000) . All FGFs, with the exception of the intracellular FGFs (iFGFs, , signal through a family of tyrosine kinase receptors, the FGF receptors (FGFRs). In vertebrates, the FGFR family consists of four genes, FGFR1-4, which undergo alternative splicing in their extracellular domain to generate a vast variety of receptors with different affinities for their ligands (Zhang et al., 2006) . FGF ligands bind the extracellular domain of the FGFRs in combination with heparan sulphate to form a 2:2:2 FGF:FGFR:heparan dimer. The dimerisation of the receptor results in the transphosphorylation of specific intracellular tyrosine residues ( Fig. 1) . This triggers the activation of cytoplasmic signal transduction pathways, such as the Ras/ERK pathway (which is associated with proliferation and Meyers et al., 1998; Sun et al., 1999 Fgfr1 KO Lethal E7.5-9.5; defect in morphogenetic movements; lack of paraxial mesoderm (PxM); inability to migrate away from the primitive streak Yamaguchi et al., 1994; Deng et al., 1994; Ciruna et al., 1997 Fgfr2 KO Early embryonic lethal; defect in visceral endoderm differentiation and in ICM maintenance (22) 1995). Whether the role for FGF during axial and paraxial mesoderm formation is in the initial induction or in the maintenance of these mesodermal subtypes has remained a contentious issue for some time. Recently, Fletcher and Harland addressed this question by performing a careful analysis of the initiation of expression of several early mesodermal markers, when FGF signalling was inhibited with the FGFR inhibitor SU5402 (Fletcher and Harland, 2008) . They found that if FGF signalling is inhibited before mesoderm induction, then the early paraxial mesodermal markers myogenin D (myoD) and myogenic regulatory factor 5 (myf5) are never expressed (Fletcher and Harland, 2008) . By contrast, the inhibition of FGF signalling with SU5402 before mesoderm induction left axial mesoderm induction largely unaffected initially, although several axial mesoderm markers are subsequently lost due to a requirement for FGF signalling for the maintenance of axial mesoderm. In summary, these data suggest that the induction of paraxial mesoderm requires FGF signalling, whereas axial mesoderm requires FGF signalling primarily for its maintenance but not for its induction. It is now clear that FGF signalling is not essential for mesoderm formation per se. For example, a pan-mesodermal marker, eomes, is not affected by inhibiting FGF signalling in Xenopus (Fletcher and Harland, 2008; Kumano et al., 2001 ). In addition, some mesodermal subtypes, such as primitive blood (see Glossary, Box 1), are inhibited by FGF (Isaacs et al., 2007; Kumano and Smith, 2000; Walmsley et al., 2008; Xu, R. H. et al., 1999) . See Box 2 for a further discussion of the role of FGF signalling during neural induction.
Several key questions remain regarding the role of FGF signalling during the induction and maintenance of axial and paraxial mesoderm. For example, what regulates the expression of the different FGF ligands and their receptors during development, especially given that their expression is highly dynamic during early embryogenesis (Lea et al., 2009) ? What are the distinct roles versus the redundant roles that each ligand and receptor has during early development? Although some progress toward resolving these questions has been made over recent years (Beenken and Mohammadi, 2009; Itoh and Ornitz, 2008; Ota et al., 2009 ), a comprehensive study of the function of each FGF ligand and receptor, alone or in combination, during early embryonic development is still a priority for the future, although such an analysis has been undertaken for limb formation in the mouse (Mariani et al., 2008) .
FGF and morphogenetic movements
In addition to its role in the formation of axial and paraxial mesoderm, there is compelling evidence that FGF signalling also has an essential role in the coordination of cell movements during gastrulation. A potential role for FGF signalling in gastrulation movements was first suggested by the phenotype observed in 
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Xenopus embryos that overexpress a dominant-negative FGFR (Amaya et al., 1991) . Although bottle cell and blastopore lip formation was undisturbed in these embryos, gastrulation movements failed soon after, leaving the embryos with an open blastopore (see Glossary, Box 1) (Amaya et al., 1991) . Given that FGF signalling is required for the formation of axial and paraxial mesoderm, the two mesodermal cell types that are primarily responsible for orchestrating the movements of gastrulation, it could not easily be discerned whether the defect in cell movements was a direct or indirect effect, mediated by a failure of proper mesoderm specification. However, the identification of Sprouty and Spred proteins, two modulators of FGFR signalling, facilitated the uncoupling of the two distinct roles of FGF signalling during mesoderm specification and morphogenesis (Nutt et al., 2001; Sivak et al., 2005) . Rather than blocking FGF signalling completely, these two proteins inhibit different intracellular signalling pathways downstream of the FGFR and thereby modulate mesoderm specification versus morphogenesis distinctly. More specifically, Sprouty proteins inhibit the phospholipase C (PLC) /PKC/Ca 2+ pathway, but leave the Ras/ERK pathway downstream of FGFR intact, allowing the specification of the mesoderm during the early gastrula stages (Nutt et al., 2001; Sivak et al., 2005) . During the mid-to late gastrula stages, the expression of the Sprouty genes decreases, while the expression of the Spred genes increases (Sivak et al., 2005) . In contrast to the Sprouty proteins, Spred proteins inhibit the Ras/ERK pathway while leaving the PLC/PKC/Ca 2+ pathway unaffected. This switches the intracellular pathways activated by FGF from the Ras/ERK pathway to the PLC/PKC/Ca 2+ pathway. Thus, cells specified as mesoderm can now be instructed to undergo morphogenetic movements, using the same primary signal, FGF. As such, the role of FGF signalling during gastrulation can be divided in two distinct elements: (1) an early, ERK-dependent transcriptional role that specifies and/or maintains axial and paraxial mesoderm; and (2) a later morphogenetic role, which is not ERK-dependent and which coordinates cell movements during gastrulation and neurulation (see Fig. 1 ).
How the switch from Sprouty to Spred gene expression occurs at the transcriptional level is still unknown, but resolving this question should provide us with important clues as to how cells control the way they interpret growth factor signals appropriately during development. The molecular mechanism by which Sprouty proteins inhibit the PLC/PKC/Ca 2+ pathway is also unclear, although cell culture experiments have shown that Sprouty4 can prevent PKC phosphorylation and phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) breakdown downstream of vascular endothelial growth factor A (VEGF-A) signalling (see Glossary, Box 1) (Ayada et al., 2009) . Whether the same mechanism applies downstream of FGFR signalling is not yet known.
The ability of FGF signalling to control morphogenetic movements seems to be conserved throughout evolution because it has been shown that, in the sea urchin, the ligand FGFA and its receptor FGFR2 are necessary for the migration of the primary mesenchyme cells (see Glossary, Box 1) (Rottinger et al., 2007) . Similarly, in Drosophila, a mutation in the fgfr2 gene heartless results in the failure of mesodermal cells to migrate away from the midline during gastrulation (Beiman et al., 1996; Gisselbrecht et al., 1996) . In addition, thisbe and pyramus, two fgf8-like genes in Drosophila, are important for mesoderm migration during gastrulation (Gryzik and Muller, 2004; Kadam et al., 2009; Klingseisen et al., 2009) . Also Fgfr1-null and Fgf8-null mouse embryos display severe defects in cell migration during gastrulation (Deng et al., 1994; Sun et al., 1999; Yamaguchi et al., 1994 ). An analysis of chimeric mice that contain Fgfr1 -/-cells has shown that the primary defect in these cells is their inability to traverse and migrate away from the primitive streak (Ciruna et al., 1997) . Finally, studies using FGF4-and FGF8b-coated beads implanted into chick embryos have shown that these ligands have striking, but signalling is initiated by ligand-dependent dimerisation of the FGFR, which leads to the crossphosphorylation (P) of tyrosine residues in the intracellular domain of the receptor tyrosine kinase (not shown). These phosphorylated residues are then bound specifically by several intracellular signal transduction proteins, including PLC, FRS2 and Src family members. These initiate several intracellular signalling pathways, including the (A) PLC pathway, (B) PI3K/PKB pathway and (C) the Ras/ERK pathway. The cell responses to these different pathways are shown. CamKII, calcium/calmodulin-dependent protein kinase II; DAG, diacylglycerol; ERK, extracellular-signal related kinase; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FRS2, fibroblast growth factor receptor substrate 2; Gab, Grb2-associated protein; Grb2, growth factor receptor-bound protein 2; HSPG, heparan sulphate proteoglycan; IP 3 , inositol (1,4,5)-trisphosphate; MEK, mitogenactivated protein kinase kinase (also known as MAP2K); PI3K, phosphoinositide 3-kinase; PIP 3 , phosphatidylinositol (3,4,5)-trisphosphate; PKB, protein kinase B; PKC, protein kinase C; PLC, phospholipase C ; cRaf, v-raf-leukemia viral oncogene homologue 1 (also known as RAF1); Ras, rat sarcoma (also known as Harvey rat sarcoma virus oncogene homologue); SHP2, SH2 domain-containing tyrosine phosphatase 2 (also known as PTPN11); SOS, son of sevenless; Src, sarcoma proto-oncogene tyrosine kinase. PRIMER Development 137 (22) opposite, effects on the migration of primitive streak cells: primitive streak cells move towards an FGF4 source but away from an FGF8b source (Yang et al., 2002) .
Although these studies highlight the importance of FGF signalling in the coordination of cell movements during gastrulation, it is still not understood how the different ligands can induce different cellular responses. Furthermore, it is not known which intracellular signalling pathways are responsible for mediating these different migratory behaviours. It is notable that cells migrating out of the primitive streak in the mouse do not appear to stain with antibodies specific for activated ERK (Corson et al., 2003) , suggesting that the pathway responsible for migration is not dependent on the Ras/ERK pathway. However, it is not yet known in the mouse whether the PLC/PKC/Ca 2+ pathway or the PI3K pathway, which has been shown in the chick to be crucial for directed cell migration (Leslie et al., 2007) , mediates the migratory behaviour of the mesodermal cells through the primitive streak. Furthermore, it is not known how FGF signalling interacts with other signalling pathways, such as the Wnt planar cell polarity (PCP) pathway, to control the cellular movements of gastrulation. However, there are at least two possible mechanisms by which the non-canonical Wnt pathway and the FGF pathway could interact. One is transcriptional, as wnt11, which encodes a key ligand in the control of convergent extension movements in zebrafish and Xenopus, depends on brachyury and FGF signalling for its expression (Amaya et al., 1993; Heisenberg et al., 2000; Tada and Smith, 2000) . The other mechanism involves the shared common regulator of both pathways in the form of PKC (Kinoshita et al., 2003; Sivak et al., 2005) .
FGF signalling in axes specification
The dorsoventral axis
As mentioned previously, FGF signalling is essential for the specification and/or maintenance of axial and paraxial mesoderm (Amaya et al., 1993; Fletcher and Harland, 2008) . In addition, FGF inhibits blood development (Isaacs et al., 2007; Kumano and Smith, 2000; Walmsley et al., 2008; Xu, R. H. et al., 1999) . As such, FGF signalling promotes dorsal mesoderm specification and inhibits ventral mesoderm specification. In Xenopus, FGF appears to perform this patterning function by specifying the animal-vegetal axis of the embryo (Kumano et al., 2001; Kumano and Smith, 2000; Kumano and Smith, 2002b) . In this organism, the dorsoventral (DV) axis aligns with the animal-vegetal axis of the embryo ( Fig. 2A ) (Kumano and Smith, 2002a; Lane and Sheets, 2002; Lane and Smith, 1999) . Cells occupying the animal sector of the marginal zone are fated to give rise to dorsal mesoderm (Kumano and Smith, 2000; Kumano and Smith, 2002a ) (see Glossary, Box 1; Fig. 2A ), whereas those occupying the more vegetal sector around the entire marginal zone (the first cells to involute during gastrulation) are fated to give rise to ventral mesoderm. In the anterior (organizer) region, those cells that involute first give rise to anterior head mesoderm and to anterior ventral blood islands, which are the precursors of primitive myeloid blood cells (Chen et al., 2009; Kumano and Smith, 2002a; Lane and Sheets, 2002; Lane and Smith, 1999) . In the contra organizer sector (i.e. in the posterior region) of the marginal zone, the first involuting cells give rise to the posterior ventral blood islands, which are the precursors of primitive erythroid cells (Kumano and Smith, 2002a; Lane and Sheets, 2002; Lane and Smith, 1999) . Although it is not known whether this is the case in organisms other than Xenopus, the fate map of the zebrafish embryo makes it a distinct possibility (see Fig.  2B ) (Kimelman, 2006; Lieschke et al., 2002) .
In summary, FGF signalling plays a crucial role in specifying the animal-vegetal axis of the Xenopus embryo and promotes dorsal fates in the animal sector of the marginal zone (Kumano et al., 2001; Kumano and Smith, 2000; Kumano and Smith, 2002b) . Consistent with this model, expression of FGF4, FGF8 and FGF20 is contained within the animal (dorsal) sector of the marginal zone and is absent from the vegetal (ventral) sector of the marginal zone (Christen and Slack, 1997; Isaacs et al., 1992; Lea et al., 2009 ). Furthermore, FGF-dependent activation of ERK is found only in the animal (dorsal) sector of the marginal zone at the gastrula stages (Christen and Slack, 1999; Curran and Grainger, 2000; Kumano et al., 2001) .
FGF signalling, however, does not pattern the DV axis alone. In fact, this axis is defined primarily by the maternal Wnt/-catenin pathway and the zygotic bone morphogenetic protein (BMP) pathway (reviewed by De Robertis, 2009; Little and Mullins, 2006; Schier and Talbot, 2005; Weaver and Kimelman, 2004 Levine and Brivanlou, 2007; Stern, 2005) . FGF signalling is one pathway implicated in neural induction, based on evidence obtained from several model organisms, including ascidians, Xenopus, zebrafish and chick (Alvarez et al., 1998; Hudson and Lemaire, 2001; Inazawa et al., 1998; Kengaku and Okamoto, 1995; Kudoh et al., 2004; Lamb and Harland, 1995; Rodriguez-Gallardo et al., 1997; Storey et al., 1998) . Several controversies, however, remain as to the exact role of FGF signalling during this process [for a review, see Stern (Stern, 2005) ; see also Linker et al. (Linker et al., 2009 ) versus Wills et al. (Wills et al., 2010) ]. Indeed, whether FGF signalling is absolutely necessary for neural induction remains a matter of debate. Experiments in Xenopus have shown that FGF signalling is both dispensable (Amaya et al., 1991; Holowacz and Sokol, 1999; Kroll and Amaya, 1996; Ribisi et al., 2000; Wills et al., 2010) and indispensable (Delaune et al., 2005; Launay et al., 1996; Linker and Stern, 2004; Sasai et al., 1996) for neural induction, possibly owing to slight differences in the experimental approaches used or to differences in the competence of the ectoderm between experimental regimes (which can vary even more between different model organisms, such as between frog and chick embryos). Indeed, evidence from chick suggests that FGF signalling provides the initiating neuralising signal that prepares the prospective neural plate for further neural-inducing signals (Sheng et al., 2003; Streit et al., 2000; Wilson et al., 2000) . As such, FGF signalling appears to act very early as a competence factor for neural induction. Alternatively, perhaps a very early, but transient, requirement for FGF signalling is required to push primitive ectoderm (epiblast) cells away from pluripotency and toward differentiation, as suggested from mouse ES cell studies (Stavridis et al., 2010; Stavridis et al., 2007) . Yet other studies suggest that FGF signalling leads to neural induction through the attenuation of bone morphogenetic protein (BMP) signalling (for a review, see De Robertis and Kuroda, 2004) . Although the exact function (or functions) that FGF signalling performs during neural induction remains unclear, a consensus is emerging that FGF signalling does play an important role, in particular during the induction of the posterior nervous system (Holowacz and Sokol, 1999; Rentzsch et al., 2004; Wills et al., 2010) . (Furthauer et al., 1997; Furthauer et al., 2004) . Furthermore, FGF signalling in Xenopus is required for the continued expression of the BMP antagonists chordin and noggin in the anterior dorsal mesoderm (Branney et al., 2009; Fletcher and Harland, 2008) . Finally, FGF signalling has been shown to inhibit BMP signalling via ERK-dependent phosphorylation of the linker domain of Smad1, a crucial intracellular mediator of BMP signalling (Eivers et al., 2008; Pera et al., 2003) . Indeed cross-inhibitory effects between FGF and BMP signalling are found throughout embryogenesis, constituting a common module in development (Koshida et al., 2002; Minina et al., 2002; Niswander and Martin, 1993; Wilson et al., 2000; Xu, R. H. et al., 1999) .
The anteroposterior axis
In addition to its role in promoting dorsal fates and inhibiting ventral fates, FGF signalling has also been implicated in the establishment of the AP axis of the early embryo. A role for FGF in AP patterning has been implicated following both gain-and loss-of-function experiments in Xenopus, zebrafish, chick and mouse (Amaya et al., 1991; Christen and Slack, 1997; Davidson et al., 2000; Draper et al., 2003; Griffin et al., 1995; Isaacs et al., 1994; Isaacs et al., 1992; Kudoh et al., 2002; Ota et al., 2009; Partanen et al., 1998; Storey et al., 1998; Xu, X. et al., 1999) . In particular, FGF has a strong posteriorising effect on neuroectoderm, suggesting that it might provide at least part of the transforming/caudalising signal first postulated by Pieter Nieuwkoop and Lauri Saxen in the 1950s (Cox and Hemmati-Brivanlou, 1995; Doniach, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995; Nieuwkoop, 1952; Saxen and Toivonen, 1961) . FGFs perform this posteriorising function, at least in part, through their regulation of the ParaHox and Hox genes (Bel-Vialar et al., 2002; Cho and De Robertis, 1990; Haremaki et al., 2003; Isaacs et al., 1998; Keenan et al., 2006; Northrop and Kimelman, 1994; Partanen et al., 1998; Pownall et al., 1996; Shiotsugu et al., 2004) . Furthermore, in all vertebrate species tested, FGF4 and/or FGF8 are expressed in posterior mesoderm, and therefore FGFs are present at the right time and place to act as endogenous posteriorising factors (Christen and Slack, 1997; Crossley and Martin, 1995; Dubrulle and Pourquie, 2004; Isaacs et al., 1995; Isaacs et al., 1992; Ohuchi et al., 1994; Shamim and Mason, 1999) . Interestingly, FGF signalling patterns the AP axis in all germ layers (neurectoderm, mesoderm and endoderm) (Cox and Hemmati-Brivanlou, 1995; Dessimoz et al., 2006; Lamb and Harland, 1995; Partanen et al., 1998; Pownall et al., 1996; Wells and Melton, 2000; Xu, X. et al., 1999) .
As with DV patterning, FGF signalling does not regulate AP patterning on its own. Indeed, the embryonic AP axis is established through the coordinated action of several signalling molecules, including FGFs, retinoic acid (RA) and Wnts (Bayha et al., 2009; Blumberg et al., 1997; Doniach, 1995; Durston et al., 1989; Kiecker and Niehrs, 2001; McGrew et al., 1997; McGrew et al., 1995; Sive et al., 1990; Takada et al., 1994) (Fig. 3) . In recent years, how these signalling pathways interact to pattern the embryo has begun to emerge. One clue appears to be their shared ability to regulate the expression of the caudal transcription factor (Cdx) genes (Bel-Vialar et al., 2002; Haremaki et al., 2003; Houle et al., 2000; Houle et al., 2003; Ikeya and Takada, 2001; Isaacs et al., 1998; Pilon et al., 2006; Pownall et al., 1996; Shiotsugu et al., 2004) . However, there are important differences in how these pathways regulate the ParaHox and Hox gene clusters. For example, FGF signalling appears to preferentially regulate the 5Ј (more-posterior) Hox genes, whereas RA preferentially regulates the 3Ј (more-anterior) Hox genes (Bel-Vialar et al., 2002) .
In general, FGF and RA primarily appear to interact antagonistically during posterior development (Diez del Corral et al., 2003) (Fig. 3) . This is most clearly seen in chick and mouse embryos during posterior axial elongation, in which FGF signalling maintains the stem zone (see Glossary, Box 1), whereas RA promotes exit from the stem zone, thereby driving neural and somitic differentiation (Diez del Corral and Storey, 2004; Wilson et al., 2009) . During this stage of development, the patterns of expression of Raldh2 (also known as Aldh1a2; which encodes retinaldehyde dehydrogenase 2, the enzyme that synthesizes RA) and Fgf8 are mutually exclusive (Diez del Corral and Storey, 2004; Wilson et al., 2009 ). In particular, Fgf8 is expressed in the stem zone, whereas Raldh2 is expressed in the presomitic mesoderm and somitic mesoderm, anterior to the differentiation front (see Fig. 3 ). In the chick, activation of RA signalling inhibits Fgf8 expression in the stem zone (Diez del Corral et al., 2003 Fig. 2 . FGF signalling is necessary for the specification and maintenance of dorsal mesoderm. Fate map of different germ layers at the late blastula/early gastrula stage, along the dorsal-ventral (animal-vegetal) and anterior-posterior (organizer-contra organizer) axes in (A) Xenopus and (B) zebrafish embryos. FGF signalling is high in the animal sector of the marginal zone (red), which is fated to become dorsal axial and paraxial mesoderm, whereas it is low or absent in the vegetal sector of the marginal zone (green in B), which is fated to give rise to ventral mesoderm, such as blood. PRIMER Development 137 (22) expression in the paraxial mesoderm (Diez del Corral et al., 2003) . Interestingly, FGF signalling modulates Raldh2 expression through Wnt8c (Olivera-Martinez and Storey, 2007) . Furthermore, in the mouse, Wnt3a maintains the expression of Fgf8 in the stem zone (Aulehla et al., 2003) . A similar signal relay, resulting in the establishment of inverse gradients of RA and FGF signalling in the posterior of the embryo, has also been reported in the mouse (Ribes et al., 2009; Zhao and Duester, 2009 ). An antagonistic relationship between RA and FGFs is also largely conserved in Xenopus, in which inhibition of RA signalling leads to an expansion in the fgf8 domain of expression (Shiotsugu et al., 2004) and activation of RA induces the expression of mkp3, a dual mitogen-activated protein kinase (MAPK) phosphatase and potent inhibitor of FGF signalling (Moreno and Kintner, 2004) . Thus, the establishment of two inverted gradients of FGF activity (from posterior to anterior) and RA activity (from anterior to posterior) is a conserved mechanism that regulates the patterning and timing of differentiation in the posterior embryo during vertebrate body axis extension (Diez del Corral and Storey, 2004; Wilson et al., 2009) (Fig. 3) .
The left-right axis
The left-right (L/R) axis is the third axis to be established in the embryo, and its specification is interlinked with the other two axes. Therefore, disruption of the DV or AP axis may disrupt the establishment of the L/R axis as well (Danos and Yost, 1995) . The dorsal midline and notochord are also important for the specification of the embryonic L/R axis (Danos and Yost, 1996) . Given that FGF signalling is essential for proper DV and AP axis specification, it is not surprising that disrupted FGF signalling also affects the L/R axis. In recent years, however, a more direct role for FGF signalling, particularly for FGF8, in L/R axis determination has emerged from studies in the mouse, chick, rabbit and zebrafish (Albertson and Yelick, 2005; Boettger et al., 1999; Fischer et al., 2002; Meyers and Martin, 1999) . The specific role that FGF8 plays during this process appears to depend on the geometry of the embryo (Fischer et al., 2002) . In the cylindricalshaped mouse embryo, FGF8 induces on the left side the expression of Nodal, a TGF superfamily member and conserved signal in the determination of the L/R axis , whereas in the disc-shaped chick and rabbit embryos (and presumably in human embryos, given that they are similarly shaped), FGF8 inhibits Nodal expression on the right-hand side (Boettger et al., 1999; Fischer et al., 2002) .
In all vertebrates, the initial symmetry-breaking event that establishes the L/R axis is mediated by the extracellular flow of signals mediated by polarised monocilia in the node (Essner et al., 2002; Hamada et al., 2002) . FGF signalling seems to play several roles at this early step of L/R axis determination. For example, FGF signalling is required for the release of vesicular nodal parcels (VNPs) into the node in the mouse (Tanaka et al., 2005) . The VNPs contain cargos of Shh and RA, which are secreted and transported towards the left side of the node via the extracellular flow generated by the polarised monocilia (Tanaka et al., 2005) . In zebrafish, FGF signalling also has a crucial role in the initial formation of the Kupffer's vesicle (KV; see Glossary, Box 1) (Albertson and Yelick, 2005) . In addition, in zebrafish and Xenopus, FGF signalling has a key role in the formation of the monocilia within the KV and gastrocoel roof plate (see Glossary, Box 1), respectively (Hong and Dawid, 2009; Neugebauer et al., 2009; Yamauchi et al., 2009 ). Indeed, Neugebauer and colleagues reported that FGF signalling plays a essential role in the regulation of cilia length in several epithelial structures in zebrafish and Xenopus embryos, including the inner ear, pronephros kidney and external mucociliary epidermis, suggesting that FGF signalling is generally required to control the length of cilia (Neugebauer et al., 2009 ). Furthermore, they and others showed that FGF signalling controls the length of cilia by regulating the expression of several genes responsible for ciliogenesis, including foxj1, rfx2, ift88, ier2 and fibp1 (Hong and Dawid, 2009; Neugebauer et al., 2009) . Whether the role of FGF signalling in ciliogenesis is at least partly responsible for the defect in the release of VNPs in the mouse node is an intriguing question that remains to be addressed.
In summary, FGF signalling plays a crucial role in several steps during L/R axis determination, from the initial formation of the node, to the formation and function of nodal cilia, to the eventual induction or repression of Nodal expression on the right or left side, respectively.
FGF signalling in early mouse lineage specification As discussed in the previous two sections, FGF signalling plays a crucial role in the specification of the mesoderm and neuroectoderm (see Box 2) and in patterning the three axes of the embryo. In early mammalian embryos, however, FGF signalling also plays an essential role during the first cell fate decisions, namely the specification of the trophectoderm and primitive endoderm (see Glossary, Box 1). Early mammalian embryonic development is highly regulative (see Glossary, Box 1), and all cells are totipotent. Just before implantation, however, cells begin to restrict their developmental potential, such that the outer cells of the embryo, the trophectoderm, will give rise exclusively to the foetal contribution of the placenta, whereas the inner cell mass (ICM) (see Glossary, Box 1) will give rise to the primitive endoderm and the epiblast (see Glossary, Box 1) (reviewed by Yamanaka et al., 2006) . FGF signalling plays an essential role in specification of two of the earliest lineages that are established in the mouse: the trophectoderm and primitive endoderm (Table 1 ; Fig. 4 ). Remarkably, it is possible to freeze development in the mouse at this point by deriving stem cells from the three earliest cell lineages and maintaining them long-term in culture (reviewed by Rossant, 2008) (Table 3) . Indeed, FGF signalling plays an essential role in the maintenance and/or differentiation of trophectoderm stem (TS) cells. For example, TS cells can be derived and maintained longterm in culture by FGF4, and FGF4 removal from the cultured medium drives TS cells to terminally differentiate in vitro (Tanaka et al., 1998) . TS cells give rise exclusively to trophectodermal lineages in chimaeras in vivo (Tanaka et al., 1998) , consistent with data showing that FGF4 is required for the maintenance of trophectoderm in vivo (Goldin and Papaioannou, 2003) (Fig. 4) . Fgf4 is expressed primarily in the ICM, whereas Fgfr2 is expressed primarily in the trophectoderm, which suggests that FGF4 acts as a paracrine maintenance factor for the trophectoderm in vivo (Arman et al., 1998; Goldin and Papaioannou, 2003; Rappolee et al., 1994) . Strikingly, Fgf4
-/-and Fgfr2 -/-mouse embryos display very similar postimplantation lethal phenotypes, which further suggests that FGF4 acts through FGFR2 in the early mouse embryo (Arman et al., 1998; Feldman et al., 1995) . Thus, FGF4 is essential for the maintenance of the first cell lineage specified in the mouse embryo -the trophectoderm. The second cell fate decision in the mouse ICM results in the specification of the epiblast lineage, which gives rise to the embryo proper, and the primitive endoderm lineage, which gives rise to the extra-embryonic endoderm and yolk sac (Yamanaka et al., 2006) . It is possible to derive stem cells for both of these lineages (Rossant, 2008) . Primitive endoderm stem cell lines, called XEN cells, have been derived from preimplantation mouse embryos using FGF4 in the culture medium, although FGF4 is not required for the long-term maintenance of XEN cells in vitro (Kunath et al., 2005) . Importantly, the specification of the primitive endoderm lineage in the embryo requires the Grb2/Ras/ERK pathway, which acts downstream of FGF signalling (Chazaud et al., 2006; Yamanaka et al., 2010) . ICM cells give rise to all the lineages of PRIMER Development 137 (22) Data compiled from published sources (Buehr et al., 2008; Kunath et al., 2005; Li et al., 2008; Li et al., 2009; Nichols et al., 2009a; Rossant, 2008; Silva and Smith, 2008; Tanaka et al., 1998; Yamanaka et al., 2006; Ying et al., 2008) . BMP, bone morphogenetic protein; EpiSC, epiblast stem cell; ERK, extracellular signal-regulated kinase; ES, embryonic stem; FGF, fibroblast growth factor; GSK3, glycogen synthase kinase 3; LIF, leukemia inhibitory factor; RA, retinoic acid. Fig. 4 . FGF signalling in early cell lineage specification in the mouse embryo. Schematics of mouse embryos at embryonic day (E) 3.25, E3.75 and E4.5. FGF signalling specifies the two first lineages of the mammalian embryo: the trophectoderm, at around the 16-to 32-cell stage; and the primitive endoderm (PrE), at E3.5-4.5. This specification occurs primarily through paracrine induction from the inner cell mass (ICM) and epiblast (EPI), respectively. Meanwhile, FGF signalling must be inhibited within the epiblast to maintain its pluripotency. After implantation, FGF then promotes the overt differentiation of cell types within the epiblast. PRIMER Development 137 (22) the embryo, including the germ cells, and thus the stem cells generated from them -mouse ES cells -are pluripotent (Bradley et al., 1984; Evans and Kaufman, 1981; Martin, 1981; Rossant, 2008) . Unlike in TS and XEN cells, the FGF-mediated activation of Ras/ERK signalling in mouse ES cells promotes the transition from self-renewal to differentiation (Kunath et al., 2007; Rossant, 2008) , possibly because pluripotency in the preimplantation epiblast requires inhibition of the FGF/ERK pathway (Lanner and Rossant, 2010; Nichols et al., 2009b) . Indeed, a transient period of FGF/ERK activation has been shown to play a crucial role in driving the initial stages of differentiation in mouse ES cells (Stavridis et al., 2010; Stavridis et al., 2007) . Interestingly, the epiblast (as do ES cells) expresses FGF4, which acts in a paracrine fashion to maintain trophectoderm and to specify primitive endoderm (Goldin and Papaioannou, 2003; Yamanaka et al., 2010) . Within the epiblast, however, FGF4 acts in an autocrine fashion to drive cells away from pluripotency and toward cell fate specification, thus ensuring that embryogenesis progresses toward differentiation. Thus, to freeze ES cells in a pluripotent state, FGF/ERK signalling needs to be continually inhibited (Silva and Smith, 2008; Ying et al., 2008) . Importantly, inhibition of the FGF/ERK pathway [in combination with inhibition of glycogen synthase kinase (GSK) 3] has facilitated the derivation and maintenance of pluripotent ES cells from recalcitrant mouse strains, from which the derivation of ES cells has previously proven to be difficult, and from rat embryos (Buehr et al., 2008; Li et al., 2008; Nichols et al., 2009a; Ying et al., 2008) . A similar approach has also been used to drive induced pluripotent stem (iPS) cells from rat and human toward a more pluripotent state (Li et al., 2009) . In summary, the activation and/or inhibition of FGF/ERK signalling is crucial during the maintenance and/or differentiation of each of the first three lineages that are established in the preimplantation mouse embryo. This knowledge has facilitated the isolation of stem cell lines for each of the lineages, including pluripotent ES cells. Moreover, these findings are highly significant, as they might facilitate the isolation of pluripotent stem cells from other mammalian species, including humans.
Conclusions
Remarkably, FGF signalling plays an essential role in virtually every cell fate decision, patterning event and coordinated cell movement in the early embryo. What is not known is how FGF signalling can play such diverse roles. How do the cells interpret FGF signalling appropriately during each event? The answers to these questions are likely to include changes in the competence of the cells through time, the presence or absence of other synergistic or antagonist signals, and an intricate modulation of intracellular signalling pathways, through positive-or negative-feedback regulation. Given the complexity of the system, it will be essential to generate informative and testable models of the various roles that FGF plays during early development. Only then will the ultimate aim of gaining a complete understanding of the various roles that FGF signalling plays during early development become a reality.
